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Abstract 
 
In order to protect our planet and ourselves from the adverse effects of excessive CO2 emissions, 
and to prevent an imminent non-renewable fossil fuel shortage and energy crisis, there is the 
need to transform our current “fossil fuel dependent” energy systems to new, clean, renewable 
energy sources. The world has recognized hydrogen as an energy carrier that complies with all 
the environmental quality, energy security, and economic competition demands. This research 
aims at producing hydrogen through anaerobic fermentation, using food waste as the substrate. 
Four food waste substrates were used: rice, fish, vegetable, and mixed. Bio-hydrogen production 
was performed in lab scale reactors, using 250 mL serum bottles. The food waste was first mixed 
with the anaerobic sewage sludge and incubated at 37°C for 31 days (acclimatization). The 
anaerobic sewage sludge was then heat treated at 80°C for 15 minutes. The experiment was 
conducted at an initial pH of 5.5 and temperatures of 27°C, 35°C, and 55°C. The maximum 
cumulative hydrogen produced by rice, fish, vegetable and mixed food waste substrates were 
highest at 37oC (Rice =26.97 ± 0.76 mL, fish = 89.70 ± 1.25 mL,vegetable = 42.00±1.76 mL, 
mixed = 108.90±1.42 mL). A comparative study of acclimatized (the different food waste 
substrates were mixed with anaerobic sewage sludge and incubated at 37°C for 31days) and non-
acclimatized food waste substrate (Food waste that was not incubated with anaerobic sewage 
sludge) revealed that acclimatized food waste substrate enhanced bio-hydrogen production by 
90% - 100%. This was further verified using a statistical test at (P < 0.001). 
 
Keyword: Acclimatization, Anaerobic Sewage Sludge, Bio-hydrogen, initial pH, food waste 
Abbreviations: H2  hydrogen, Rm  maximum rate of hydrogen production, P  hydrogen 
production potential. 
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1.0 INTRODUCTION 
Fossil fuels used as energy sources are diminishing. Global warming is no longer a new issue to 
man. These have become some of the current problems of man. Soil, air, and water pollution has 
been on the increase due to the continuous use of fossil fuels. This has driven humanity into 
looking for alternative sources of fuel that will not endanger the environment when used or 
combusted. A study by Mizuno and coworkers showed that hydrogen has a high energy content 
(122kJ/g), the combustion produces water, which does not endanger the environment, and it is 
environmentally friendly (Mizuno et al. 2000). Okamoto (2000) reported that out of the various 
processes of producing hydrogen such as steam reforming, electrolysis, gasification and 
biological processes, the least expensive process is the biological process, which uses organic 
components of waste as resources. 
Requirements such as abundance and availability are considered before choosing organic 
material as a potential substrate for sustainable bio-hydrogen production. Agricultural waste and 
food waste meet these requirements. A report (EU 2003) showed that about 0.7 billion tonnes of 
agricultural and forestry waste generated in Western Europe between 1998 and 2001. In the year 
2000, agricultural waste amounted to more than 175 million tonnes per year in Germany. A 
survey conducted in France, from 1995 to 2006, showed the agricultural and forestry waste to be 
374 tonnes, which is 43% of 849 million tonnes by 2006 (GYS 2009). One of the components of 
this agricultural waste is the food waste which has high water content and organic content which 
are (75%-85%) and (85%-95%) respectively (Li 2008). 
 
In Malaysia, Food waste is classified as a component of municipal solid waste. In 2008, 
Malaysia generated about 30,000 tonnes per day of municipal solid waste of which 45% of the 
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components is food waste (Fauziah 2008). In 2009 Malaysia generated an average amount of 
about 0.5-0.8 kg/person/day and 1.7 kg/person/day in the rural and urban areas respectively of 
municipal solid waste (Manaf et al. 2009). Kuala Lumpur, the capital city of Malaysia generates 
about 1.2kg/person/day (Iwan 2012). Malaysians are good in eating outsides thus there are lots of 
restaurants in Malaysia and this accounts for the high food waste content of the municipal solid 
waste. Using food waste in bio-hydrogen generation, through a biological process called 
anaerobic fermentation, becomes very interesting because it will reduce the amount of waste that 
goes to the landfills, thus increasing the lifespan of the landfill. It will also be a cheap source of 
raw material used in production of hydrogen which is a way of waste reduction and reuse. In 
biohydrogen generation, many factors play vital roles such as pH, temperature, substrate 
concentration, pre-treatment, retention time etc. (Fang et al. 2006; Jianlong  2009). Research 
have shown the importance of optimum pH values as a critical factor in bio-hydrogen production 
(Fang et al. 2006; Carlos 2012).   
 
In this study, the comparison of producing bio-hydrogen from acclimatized food waste substrates 
and non-acclimatized food waste substrate was investigated in lab scale batch reactors to 
determine which treatment is better. Also, studies were done on various temperatures to know 
the optimum temperature for bio-hydrogen production. 
2.0 MATERIAL AND METHOD  
Anaerobic sewage sludge used as seed sludge in this study was obtained from anaerobic digester 
of Pantai Dalam sewage treatment plant, Kuala Lumpur, Malaysia. After collection, the sludge 
was transported to the laboratory and sieved with a 1mm sieve and then stored in a refrigerator 
prior to use for experiments at 4oC. The sludge was pre-heated at 80oC for 15mins to inhibit the 
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bioactivity of methane forming bacteria and other pathogenic microbes and also to promote the 
growth of hydrogen producing bacteria.  
A warring blender machine was used to grind the food waste in the laboratory after it was 
collected from cafes in the University of Malaya. It was then sealed in sterile plastic bags and 
stored in the freezer at -4oC. The food waste was defreezed before it was used for the 
experiment. 
 
2.2. Batch Fermentation 
2.2.1 Acclimatization 
The food wastes were acclimatized with the anaerobic sewage sludge for 31days at 370C in an 
incubator. 30mL of acclimatized food waste were then inoculated into 250 mL serum bottle 
which was used as the fermenter. 8g of each food waste substrate was added to the reactor and 
50 mL of anaerobic sewage sludge heated at 800C for 15mins was added to the mixture. The 
initial pH was corrected to 5.5 using 1N NaOH and H2SO4. To maintain an anaerobic condition 
the headspace of the reactor was filled with pure Nitrogen gas. Mixing was done manually for 2 
times a day. According to the design, 3 runs of the experiment were performed with 3 replicates.  
2.2.2  Non Acclimatization 
The only mixture in this batch reactor was 50 mL anaerobic sludge heat treated at 800C, 8g of 
food waste substrates. The other conditions remained the same. 
 After the conditioning, the fermenters were placed in a water bath at 37 ± 1oC till the end of the 
experiment. A transfusion needle at one end of a transfusion tube as shown in fig. 1 was 
6 
 
connected to the fermenters and the open end of the transfusion tube was connected to a conical 
flask full of water. The conical flask was covered with a rubber cork and properly sealed with a 
sealing to avoid gas escape. Displaced water was collected in another conical flask and measured 
using a measuring cylinder. The amount of water displaced equals the amount of gas produced 
(Patil et al 2011). 
2.3 Analytical Methods 
The mass of the substrates were determined using a weighing balance. The volume of gas 
production in each bottle was measured and recorded through the water displacement method. 
1ml of the gas in the fermenters was injected into a gas chromatography (GC Shimadzu 8A) with 
thermal conductivity detector to analyze the biogas content. Helium gas was used as the carrier 
gas at a flow rate 60 mL/min. The injector, detector and column were operated at 160oC, 130oC 
and 130oC respectively. A pure hydrogen gas was used as the calibration standard. The rate of 
hydrogen production was analyzed using the modified Gompertz equation (ZWIETERING M. 
H. 1990).  
ܪሺݐሻ ൌ ܲ	. expሾെ݁ݔ݌ ሼ	ோ௠	.௘ሺƛି௧ሻ௉ 	൅ 1ሿ ...................................... (1) 
Where H (t) is cumulative hydrogen production (mL), P is hydrogen production potential (mL), 
Rm is maximum hydrogen production rate (mL/d), e = 2.71828, ƛ is the lag phase (d) and t is the 
time (d). 
2.4 Statistical analysis 
Statistical analysis was performed using the Kuskal Wallis non test to compare the amount of 
cumulative biogas production produced by all 4 substrates between the acclimatized and non-
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acclimatized food waste substrate, (rice versus rice, fish versus fish, mixed versus mixed and 
vegetable versus vegetable). The level of statistical significance was set at 5% Post-hoc analysis 
and 95% confidence level. 
3.0 RESULTS AND DISCUSSION 
3.1 EFFECT OF TEMPERATURE  
Fig2. Shows the effect of temperature on the cumulative biogas production and H2 content of 
Rice waste. From the figure, it can be observed that when the substrates were subjected to a 
temperature of 350C, biogas production was recorded on day zero as opposed to H2 gas which 
commenced on day one. There was a rapid increased in the production of biogas and H2 reaching 
its peak on the 9th day (26.97 ± 0.76 mL) before stabilizing from the 10th day onward. Also, 
considering biogas and H2 production at other temperatures, it was observed that at 270C and 
550C, H2 and biogas production commenced on the 4th day. It was accompanied by a slow 
increase in H2 production observed for substrates at 270C before reaching its peak on the 7th day 
with a H2 yield of 7.76 ± 1.25mL. Furthermore, it was observed that the maximum H2 production 
recorded at 550C was 4.85 ± 1.87mL. 
The higher hydrogen production at 350C might be because it favors the proliferation of the H2 
producing bacteria (Jianlong 2009).. This could also be because the temperature made sugar 
conversion easier for the Hydrogenase which in turn increases H2 production (Ma 2008). 
Moreover it was statistically shown that the H2 production from rice waste substrate was 
statistically significant at 370C (P < 0.001) than at 270C and 550C. The same was the case when 
statistical analysis was conducted for cumulative biogas production.Generally, the optimum 
temperature for bio-hydrogen production using rice waste was found to be 350C in this study.  
8 
 
This agrees with previous report by fang showing the optimum temperature for H2 production 
from rice waste to be 350C (Fang et al. 2006) even though Fang and his coworkers recorded a 
higher maximum H2 yield of 346 mL. This higher yield might be because the substrate used by 
Fang was rice slurry which provides an enabling environment for the microbes. Nevertheless, 
our results disagrees with that of Lee et al. and Elijah et al. where the optimum temperature was 
550C which might be because the later used rice husk and as such higher temperature was need 
to get the nutrients out (Lee et al. 2008; Elijah 2009).  
Fig3 shows the effect of temperature on biogas and H2 production using fish waste. It was 
observed that H2 and biogas production commenced on the 6th day when the fish waste were 
subjected to a temperature of 270C. A slight increase in H2 production was observed from the 7th 
day before reaching its peak (7.56 ± 1.18) on the 9th day after which it decreased to zero on the 
10th day. At 350C biogas and H2 production commenced day one. A rapid increase was observed 
until it reached its peak on day 5, then a sudden fall in H2 production was observed after the 5th 
day (89.70 ± 1.25 mL). For 550C, H2 and biogas production commenced on the 1st day. We also 
observed maximum H2 production of 63.74 ±2.23 which decreased gradually until no H2 gas was 
produced. Furthermore, the amount of H2 produced by Fish waste at 350C was only statistically 
significant than the amount produced at 270C (P < 0.05). Likewise, the amount of biogas 
produced at 350C was only statistically significant than the amount produced at 270C (P < 0.001).  
Generally, the optimum temperature for H2 production using fish waste substrate was 350C. The 
low yield in fish waste could also be attributed to the amino acid which is the catalytic end 
product of protein; this also reduces the pH in the medium, thereby inhibiting H2 producing 
bacteria.  
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This agrees with previous report by Zhu and coworkers where the optimum temperature for H2 
production using protein substrate was 350C (Ge-Fu Zhu 2011). 
As shown in figure4, when vegetable waste substrate was subjected to fermentative H2 
production at different temperatures. It was observed that at 270C and 550C, no gas production 
was recorded. Nevertheless, biogas and H2 production commenced when the vegetable substrate 
was subjected to a temperature of 350C. On day one, gas production was recorded. A rapid 
increase in H2 production was observed from the second day until a maximum of 42.00 ± 1.76 
mL was reached on the 4th day. The subsequent days showed a gradual decrease in H2 production 
until it stabilized from the sixth day onward. The amount of H2 produced by Vegetable at 350C 
was statistically significant than the amount produced at 270C (P < 0.001) and 550C (P < 0.001). 
This is mainly because no gas production was observed when vegetable substrate was used for 
bio-hydrogen production at 270C and 550C.  
According to Okamoto (2000), H2 producing bacteria are more active at mesophilic temperature; 
therefore 550C might be too high and 270C might favor lactic acid formation and as such 
hydrogen producing bacteria are inhibited (Leon 2011). This was probably because the 
temperature favored H2 producing bacteria. 
This result disagrees with previous reports by Krishnan and coworkers in 2007 and Chu et al 
2008. They recorded gas production at 550C (Krishnan et al. 2007).  This was probably due to 
the type of vegetable waste substrate used or the longer acclamation period used in these studies. 
Nevertheless, this result agrees with a previous study by Okamoto who reported 350C as the 
optimum temperature for bio-H2 production from vegetable waste substrate (Okamoto 2000).  
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As shown in Figure5, the cumulative biogas and H2 production of mixed food waste substrate at 
270C and 350C commenced on the 5th day. There was a slow but steady increase in the 
production of biogas and H2 at 270C until it reached its peak on the 8th day (25.22 ± 0.76 mL). 
However, on the 9th day, no H2 production was observed. Furthermore, a rapid increase in H2 
production was recorded at 350C on the 5th day until a maximum cumulative H2 production of 
108.90 ± 1.42 mL was recorded on the 7th day before dropping sharply to zero on the 8th day. We 
further recorded no biogas or H2 production for mixed waste substrates at 550C. Statistically, 
there was no significant difference in the amount of H2 gas produced at the two different 
temperatures 27oC and 35oC. Nevertheless, the amount of biogas produced by Mixed Food waste 
at 350C was statistically significant than the amount produced at 270C (P < 0.05) and 550C (P < 
0.01).   
The five days lag period observed at 350C could be because this waste has more than one 
component which has different reaction pathways; therefore, following the H2 reaction pathway 
could take a while before unified reaction begins. The higher cumulative biogas and H2 yield 
recorded at 350C could be because the H2 producing bacteria were enhanced and the different 
components integrate effectively at this temperature but could not maximize production at 270C 
(Singh et al. 2010).  
This result agrees with previous reports by Xiao and coworkers having optimum temperature of 
370C (Xiao et al. 2013). It also agrees with that of Chen and coworkers having the maximum H2 
yield of 101 mL/d. This might be because sewage sludge from anaerobic digester was used in 
both studies (Chen et al. 2006). Similarly, previous report by Pan and coworkers recorded H2 
production at 500C (Pan et al. 2008). This might be because of the temperature difference of 50C 
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which could be lethal to H2 producing bacteria (Lin et al. 2008). Nevertheless, a report by 
Shimizu agrees with this study, recording no gas production at 55oC (Shimizu 2008).  
3.3 EFFECT OF ACCLIMATIZATION 
Statistical analysis between the H2 produced by acclimatized and non-acclimatized food waste 
substrates revealed a significance difference in the H2 produced between acclimatized vegetable 
waste and non-acclimatized vegetable waste (P < 0.0001), not quite a significant difference (P = 
0.05) between that produced by comparing acclimatized rice waste and non-acclimatized rice 
waste, acclimatized mixed waste and non-acclimatized mixed waste. No significance difference 
was observed in comparing the H2 production of fish between the acclimatized and non-
acclimatized food waste substrates.  
Statistical analysis performed using the Kuskal Wallis non test revealed that there is a significant 
difference between the amounts of cumulative biogas production of acclimatized and non-
acclimatized food waste substrates (P < 0.05). However, further analysis in the Dunn's Multiple 
Comparisons Test showed that the differences in Cumulative biogas production was only 
statistically significant in the comparison between acclimatized rice waste and non-acclimatized 
rice waste (P = 0.0455), fish and fish (P = 0.0006), vegetable and vegetable (P = 0.0029) while 
there was not quite a significance difference between that of mixed food waste substrate (P = 
0.680).  
The significant differences might be because the additional bacteria obtained from 
acclimatization enhanced the fermentation process in the acclimatized food waste substrates. 
Also, the bacteria in the system have adapted to the food waste substrate during acclimatization 
while the bacteria needs to adapt to the environmental conditions in the non-acclimatized food 
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waste substrate and the H2 producing bacteria were not helped in anyway, therefore only the 
indigenous microbes performed the fermentation (Skonieczny 2009). Nevertheless, for rice that 
showed not quite a significant difference in its H2 production might be because, it has high 
carbohydrate component which is easily convertible to H2 with or without the additional microbe 
from acclimatization. Besides, the rice used in this study is cooked rice which is easily 
decomposed by microbes. The significant difference in the biogas production was probably 
because acclimatization increased the amount of biogas and had little or no effect on the amount 
of H2 gas produced. 
Figure6  shows the effect of acclimatization on bio-hydrogen production from rice waste 
substrates. We observed that H2 production commenced on the second day as for the 
acclimatized rice waste as opposed to the 4th day on which it commenced on the non-
acclimatized rice waste. The maximum H2 production was recorded on the 10th day and on the 9th 
for the acclimatized (26.97 ± 1.25 mL) and non-acclimatized (13.6 ± 2.64 mL) rice waste 
respectively. H2 production stabilized from the 11th day for the acclimatized and on the 9th day 
for the non-acclimatized rice waste. Nevertheless, we observed that for the acclimatized rice 
waste, H2 production decreased after the 10th day with increase in biogas production. This was 
not the case in the non-acclimatized, H2 and biogas production stabilized the same day.  
Acclimatization introduces more bacteria into the system, thus speeding up the reaction. This 
could explain the shorter lag period observed in the acclimatized rice waste. The increasing 
biogas in the acclimatized rice waste could be as a result of the presence of methanogenic 
bacteria which were also enhanced by acclimatization even though they were affected by pre-
heating (Ueno 2001; Ahn 2005; Kim et al. 2006).  
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As shown in fig7, cumulative biogas production and H2 production commenced on day 3 for 
acclimatized and non-acclimatized fish waste substrate. A rapid increase in biogas and H2 
production was observed in the acclimatized fish waste as opposed to the slow increase observed 
in the non-acclimatized. The maximum H2 production was 89.7 ± 2.34 mL for acclimatized and 
20 ± 1.75  mL for the non-acclimatized fish waste substrate. We also observed that H2 
production stopped on the 8th day and on the 6th day for the acclimatized and the non-
acclimatized fish waste respectively. We equally observed that CO2 production was increasing 
with a decrease in H2 content of the biogas both in both experimental conditions.  
The 3 day lag period in both conditions could be as result of the acidic content of fish waste 
which acclimatized bacteria has to suppress for Hydrogenase to be enhanced (Jinming 2008). 
This implies that in both conditions, H2 production will commence on the first day but the 
difference is in the amount produced. It was also observed that the H2 producing bacteria in the 
non-acclimatized were consumed earlier than that of the acclimatized. This is probably because; 
it will take a longer time to consume more bacteria than fewer bacteria. Acclimatized fish waste 
has more bacteria sources than non-acclimatized. 
As shown in figure 8, it was observed that H2 production commenced on the 3rd day in the 
acclimatized vegetable waste and on the 6th day in the non-acclimatized vegetable waste. It was 
observed that for the acclimatized vegetable waste, the H2 content increased with increasing 
biogas production. It continued until a maximum of 45.24 ± 0.01 mL in the 6th day as opposed to 
20.50 ± 0.70 mL in the non-acclimatized vegetable waste. Thus, the acclimatized vegetable 
waste produced twice as much hydrogen produced by the non-acclimatized vegetable waste. It 
might not be wrong to say that acclimatization reduces the formation of CO2  when vegetable 
waste is used as substrate for bio-hydrogen production.    
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The reason for the lower yield in non-acclimatized vegetable waste might be because the H2 
producing bacteria were inhibited by the acidic nature of the vegetable and no extra microbe was 
introduced to aid the process. Accumulated acidic medium will lower the pH of the reactor since 
the pH was not controlled. Thus, H2 producing bacteria involved were unable to sustain its 
metabolic activity (Nazlina et al. 2009; Yap 2013). 
Figure9 shows the effect of acclimatization on cumulative biogas and H2 production from mixed 
food waste substrate. We observed that Biogas production commenced on the 5th day in the 
acclimatized as opposed to the non-acclimatized which commenced on the 6th day. A rapid 
increase in H2 production was observed in the acclimatized and non-acclimatized experimental 
conditions from the 6th and 7th day respectively. Furthermore we observed that biogas and H2 gas 
production seems to stabilize on the 9th day for acclimatized and on the 10th day for the non-
acclimatized mixed food waste. The maximum H2 production was 130.95 ± 0.007mL for 
acclimatized and 33.3 ± 0.14 mL for non-acclimatized mixed food waste substrate. This finding 
agrees with previous studies (Fang et al. 2006; Massanet-Nicolau et al. 2008; Nazlina et al. 2011) 
where acclimatization was used to enhance bio-H2. Nevertheless, some studies also showed 
enhanced bio-H2 production without acclimatization (Kim 2004; Jinming 2008; Qinglan et al. 
2010; Yu Wang 2010). 
4.5 Gompertz Kinetic Model 
Gompertz kinetic model was also used to determine if acclimatized food waste has higher H2 
production potential than the non-acclimatized food waste.  The maximum rate of hydrogen 
(Rm) produced by acclimatized rice waste was almost twice that produced by non-acclimatized 
(19.715 mL/d). Likewise, the cummualtive hydrogen production potential (P) of acclimatized 
rice waste was twice that of the non-acclimatized (44 mL). For fish the difference was 20.95 
15 
 
mL/d for Rm and 16.8 mL for P. That of Vegetable was 15.55 mL/d for Rm and 31.9 mL for P. 
For mixed food waste was 49.5 mL/d for Rm and 57.9 mL for P. Generally, one could say that 
acclimatization enhanced hydrogen production by 90% - 100%. This agrees with previous 
studies where anaerobic sewage sludge was used for acclimatization (Karlsson et al. 2008; Dong 
et al. 2009; Jayalakshmi et al. 2009) 
4.0 Conclusion 
Bio-hydrogen production experiment was conducted in a laboratory scale using 250 mL batch 
reactor at three temperatures 270C, 350C and 550C at an initial pH of 5.5. Four different food 
waste substrates (rice, fish, vegetable and mixed) were used. Across the various food waste 
substrates used, it was shown that the optimum temperature for bio-hydrogen production was 
350C. Furthermore, a study was done to determine the effect of acclimatization on bio-hydrogen 
production. It was discovered that acclimatization with anaerobic sewage sludge enhanced 
hydrogen production by 90% - 100%. Using gompertz kinetic model, it was shown that rice 
waste, fish waste, vegetable waste and mixed food waste substrates has the potential to produce 
hydrogen gas. Rice waste showed the highest rate of maximum hydrogen production. While 
mixed waste showed the highest cumulative maximum hydrogen production. Therefore, in as 
much as rice waste produced hydrogen faster, mixed waste would be preferred for its cumulative 
production. 
5.0 Recommendations 
For further studies, we shall recommend that more studies can be done on knowing how 
acclimatization periods can be reduced and at the same time improve bio-hydrogen yield. We 
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also recommend that combination of aerobic sewage sludge and anaerobic sewage sludge be 
used for acclimatization to see their combined effect on bio-hydrogen production. 
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